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THE MATHEMATICAL MODEL OF EXTRUSION OF VISCOPLASTIC CARBON 
COMPOSITION 
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ABSTRACT Manufacturing of large-size carbon products such as electrodes and carbon blocks requires multistage production 
cycle, special equipment and significant resources and energy consumption. The article is devoted to the technological stage of 
carbon products forming with the usage of extrusion method. On this stage carbon blanks are shaped and sized and also their 
physical properties start to be formed. It is necessary to use effective operating regimes in order to get a high quality and defectless 
products. The development of mathematical model of carbon materials extrusion process is an important task in numerical modeling 
since it enables us to estimate effective process parameters. Coke/pitch composition exhibits viscoplastic properties. It behaves as a 
rigid body at the low stress but flows as a viscous fluid at high stress. We propose mathematical model of carbon mass extrusion 
process with the usage of viscoplastic Bingham-Papanastasiou viscosity model. The model is based on transient nonlinear system of 
partial differential equation. It consists of continuity equation, motion equation and energy equation for laminar incompressible 
Bingham-Papanastasiou fluid flow and energy equation with additional heat source for solid parts of pressing equipment. The 
dynamically changeable initial and boundary conditions are used for the description of different stages of extrusion process. We 
performed verification and validation of the developed mathematical and numerical models of thermohydrodynamic state of 
extrusion equipment. Results of numerical analyses are presented in the article in the form of temperature plots and fields. The 
comparison of numerical and experiment data shows good agreement and the average difference is 4±6 %. This confirms model 
capability to solve engineering and manufacturing problems related to carbon mass extrusion process. 
Keywords: carbon mass, coke/pitch composition, electrode blanks, extrusion, viscoplastic material, Bingham fluid, numerical 
simulation 
 
ȼɜɟɞɟɧɢɟ 
 
ɂɡɝɨɬɨɜɥɟɧɢɟ ɤɪɭɩɧɨɝɚɛɚɪɢɬɧɨɣ ɭɝɥɟɪɨɞɧɨɣ
ɩɪɨɞɭɤɰɢɢ ɜ ɱɚɫɬɧɨɫɬɢ ɷɥɟɤɬɪɨɞɨɜ ɢɥɢ ɷɥɟɦɟɧɬɨɜ
ɤɨɧɫɬɪɭɤɰɢɢ ɩɟɱɟɣ ɰɜɟɬɧɨɣ ɦɟɬɚɥɥɭɪɝɢɢ ɬɪɟɛɭɟɬ
ɦɧɨɝɨɷɬɚɩɧɨɣɰɟɩɨɱɤɢɩɪɨɢɡɜɨɞɫɬɜɚɫɩɟɰɢɮɢɱɟɫɤɨɝɨ
ɨɛɨɪɭɞɨɜɚɧɢɹ ɢ ɡɧɚɱɢɬɟɥɶɧɵɯ ɪɟɫɭɪɫɧɵɯ ɢ
ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɡɚɬɪɚɬ Ⱦɥɹ ɩɨɥɭɱɟɧɢɹ
ɜɵɫɨɤɨɤɚɱɟɫɬɜɟɧɧɨɝɨ ɤɨɧɟɱɧɨɝɨ ɩɪɨɞɭɤɬɚ ɢɫɯɨɞɧɨɟ
ɫɵɪɶɺ ɤɨɤɫɵ ɚɧɬɪɚɰɢɬɵ ɩɟɤɢ ɪɚɡɥɢɱɧɵɯ ɦɚɪɨɤ
ɩɨɞɜɟɪɝɚɸɬɢɡɦɟɥɶɱɟɧɢɸɫɦɟɲɢɜɚɧɢɸɮɨɪɦɨɜɚɧɢɸ
ɢ ɦɧɨɝɨɫɬɚɞɢɣɧɨɣ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɨɣ ɨɛɪɚɛɨɬɤɟ
Ⱦɚɧɧɚɹ ɬɟɯɧɨɥɨɝɢɹ ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɢɬɶ ɦɨɧɨɥɢɬɧɵɟ
ɭɝɥɟɪɨɞɧɵɟ ɢɡɞɟɥɢɹ ɫ ɚɧɢɡɨɬɪɨɩɢɟɣ ɫɜɨɣɫɬɜ ɜ
ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ ɝɚɛɚɪɢɬɧɵɯ ɪɚɡɦɟɪɨɜ ɩɥɨɳɚɞɶ
ɩɨɩɟɪɟɱɧɨɝɨɫɟɱɟɧɢɹɨɬÂ-5 ɞɨ ɦ2ɞɥɢɧɧɚ ɨɬ 
ɞɨ3,58 ɦ>@ 
ȼɨ ɜɪɟɦɹ ɮɨɪɦɨɜɚɧɢɹ ɭɝɥɟɪɨɞɧɨɣ ɩɪɨɞɭɤɰɢɢ
ɩɪɟɞɚɺɬɫɹ ɧɟɨɛɯɨɞɢɦɚɹ ɝɟɨɦɟɬɪɢɱɟɫɤɚɹ ɮɨɪɦɚ ɢ
ɪɚɡɦɟɪɵ ɚ ɬɚɤɠɟ ɡɚɤɥɚɞɵɜɚɸɬɫɹ ɟɺ ɛɭɞɭɳɢɟ
ɮɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɇɚɢɛɨɥɟɟ ɲɢɪɨɤɨ ɧɚ
ɷɥɟɤɬɪɨɞɧɵɯ ɡɚɜɨɞɚɯ ɪɚɫɩɪɨɫɬɪɚɧɺɧ ɦɟɬɨɞ
ɩɪɟɫɫɨɜɚɧɢɹ ɜɵɞɚɜɥɢɜɚɧɢɟɦ ɢɥɢ ɷɤɫɬɪɭɡɢɟɣ
ɭɝɥɟɪɨɞɧɨɣ ɦɚɫɫɵ ɱɟɪɟɡ ɮɨɪɦɭɟɦɭɸ ɦɚɬɪɢɰɭ
ɦɭɧɞɲɬɭɤ ɱɬɨ ɨɛɴɹɫɧɹɟɬɫɹ ɜɵɫɨɤɨɣ
ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɶɸ ɢ ɧɢɡɤɨɣ ɫɬɨɢɦɨɫɬɶɸ ɞɚɧɧɨɝɨ
ɩɪɨɰɟɫɫɚɋɦɟɫɶɭɝɥɟɪɨɞɨɫɨɞɟɪɠɚɳɟɝɨɧɚɩɨɥɧɢɬɟɥɹɢ
ɫɜɹɡɭɸɳɟɝɨɩɪɟɫɫɦɚɫɫɚ ɩɨɞɚɺɬɫɹɜɦɚɫɫɧɨɣɰɢɥɢɧɞɪ
ɝɢɞɪɚɜɥɢɱɟɫɤɨɝɨ ɩɪɟɫɫɚ ɝɞɟ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨ 
ɭɩɥɨɬɧɹɟɬɫɹ ɉɨɞ ɜɨɡɞɟɣɫɬɜɢɟɦ ɭɫɢɥɢɹ ɩɨɪɹɞɤɚ
60 Ɇɇ ɦɚɫɫɚ ɜɵɞɚɜɥɢɜɚɟɬɫɹ ɱɟɪɟɡ ɦɭɧɞɲɬɭɤ ɬɚɤɢɦ
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ɨɛɪɚɡɨɦ ɢɡɞɟɥɢɸ ɩɪɢɞɚɺɬɫɹ ɧɟɨɛɯɨɞɢɦɚɹ ɮɨɪɦɚ
ɉɨɫɥɟ ɷɬɨɝɨ ɫɮɨɪɦɨɜɚɧɧɚɹ ɜ ɡɚɝɨɬɨɜɤɭ ɦɚɫɫɚ
ɨɛɪɟɡɚɟɬɫɹ ɞɨ ɧɟɨɛɯɨɞɢɦɨɝɨ ɪɚɡɦɟɪɚ ɢ ɨɯɥɚɠɞɚɟɬɫɹ
ɞɥɹɩɪɟɩɹɬɫɬɜɢɹɞɚɥɶɧɟɣɲɟɣɞɟɮɨɪɦɚɰɢɢ>@ 
ȼɨ ɜɪɟɦɹ ɮɨɪɦɨɜɚɧɢɹ ɷɥɟɤɬɪɨɞɧɨɣ ɡɚɝɨɬɨɜɤɢ
ɦɟɬɨɞɨɦ ɷɤɫɬɪɭɡɢɢ ɤɥɸɱɟɜɭɸ ɪɨɥɶ ɜ ɨɛɟɫɩɟɱɟɧɢɢ
ɛɟɡɞɟɮɟɤɬɧɨɣ ɢ ɜɵɫɨɤɨɤɚɱɟɫɬɜɟɧɧɨɣ ɩɪɨɞɭɤɰɢɢ
ɢɝɪɚɟɬ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɣ ɪɟɝɥɚɦɟɧɬ ɩɪɨɰɟɫɫɚ Ʉ
ɮɚɤɬɨɪɚɦ ɨɩɪɟɞɟɥɹɸɳɢɦ ɪɟɝɥɚɦɟɧɬ ɩɪɟɫɫɨɜɚɧɢɹ
ɨɬɧɨɫɹɬɫɹ ɫɨɫɬɚɜ ɩɪɟɫɫɦɚɫɫɵ ɢ ɝɟɨɦɟɬɪɢɱɟɫɤɢɟ
ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɛɭɞɭɳɟɝɨ ɢɡɞɟɥɢɹ Ʉ ɭɩɪɚɜɥɹɸɳɢɦ
ɩɚɪɚɦɟɬɪɚɦ ɩɪɨɰɟɫɫɚ ɫɥɟɞɭɟɬ ɨɬɧɟɫɬɢ
ɢɡɨɫɬɚɬɢɱɟɫɤɭɸ ɬɟɦɩɟɪɚɬɭɪɭ ɜɵɞɟɪɠɢɜɚɟɦɭɸ ɜ
ɦɚɫɫɧɨɦɰɢɥɢɧɞɪɟɞɚɜɥɟɧɢɟɢɫɤɨɪɨɫɬɶɩɪɟɫɫɨɜɚɧɢɹ
ɬɟɦɩɟɪɚɬɭɪɧɵɣ ɪɟɠɢɦ ɧɚɝɪɟɜɚɬɟɥɟɣ ɦɭɧɞɲɬɭɤɚ
ɤɨɬɨɪɵɟɨɛɟɫɩɟɱɢɜɚɸɬɧɟɨɛɯɨɞɢɦɭɸɬɟɦɩɟɪɚɬɭɪɭ ɟɝɨ
ɩɨɜɟɪɯɧɨɫɬɢɜɪɟɦɹɪɚɛɨɬɵɢɩɪɨɫɬɨɹɡɚɬɪɚɱɟɧɧɨɟɧɚ
ɤɚɠɞɨɦɢɡɷɬɚɩɨɜɤɚɦɩɚɧɢɢɩɪɟɫɫɨɜɚɧɢɹ 
ȼ ɩɪɨɦɵɲɥɟɧɧɨɣ ɩɪɚɤɬɢɤɟ, ɨɩɪɟɞɟɥɟɧɢɟ
ɪɚɰɢɨɧɚɥɶɧɵɯ ɪɟɝɥɚɦɟɧɬɨɜ ɩɪɨɰɟɫɫɚ ɮɨɪɦɨɜɚɧɢɹ
ɭɝɥɟɪɨɞɧɵɯ ɡɚɝɨɬɨɜɨɤ ɫɜɹɡɚɧɧɨ ɫɨ ɡɧɚɱɢɬɟɥɶɧɵɦɢ
ɡɚɬɪɚɬɚɦɢ ɜɪɟɦɟɧɧɵɯ ɦɚɬɟɪɢɚɥɶɧɵɯ ɢ
ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɪɟɫɭɪɫɨɜ ɢɡ-ɡɚ ɩɪɨɜɟɞɟɧɢɹ ɨɩɵɬɧɵɯ
ɤɚɦɩɚɧɢɣ ɩɪɢ ɩɟɪɟɯɨɞɟ ɧɚ ɧɨɜɵɣ ɫɨɫɬɚɜ ɩɪɟɫɫɦɚɫɫɵ
ɢɥɢ ɧɨɜɵɣ ɜɢɞ ɩɪɨɞɭɤɰɢɢ ɉɨɷɬɨɦɭ ɪɚɡɪɚɛɨɬɤɚ ɢ
ɩɪɢɦɟɧɟɧɢɟɦɟɬɨɞɨɜɦɚɬɟɦɚɬɢɱɟɫɤɨɝɨɦɨɞɟɥɢɪɨɜɚɧɢɹ
ɜ ɭɫɥɨɜɢɹɯ ɪɟɚɥɶɧɨɝɨ ɩɪɨɢɡɜɨɞɫɬɜɚ ɹɜɥɹɟɬɫɹ
ɛɟɡɭɫɥɨɜɧɨ ɚɤɬɭɚɥɶɧɵɦ ɢ ɩɨɡɜɨɥɢɬ ɩɪɚɤɬɢɱɟɫɤɢ
ɩɨɥɧɨɫɬɶɸ ɢɫɤɥɸɱɢɬɶ ɨɩɵɬɧɵɟ ɤɚɦɩɚɧɢɢ
ɩɪɟɫɫɨɜɚɧɢɹ ɬɟɦ ɫɚɦɵɦ ɨɛɟɫɩɟɱɢɜɚɹ ɪɟɫɭɪɫɨ- ɢ
ɷɧɟɪɝɨɫɛɟɪɟɠɟɧɢɟ 
 
ɐɟɥɶɪɚɛɨɬɵ 
 
ɗɥɟɤɬɪɨɞɧɚɹ ɢɥɢ ɤɨɤɫɨɩɟɤɨɜɚɹ ɦɚɫɫɚ
ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɤɨɦɩɨɡɢɬɧɵɣ ɦɚɬɟɪɢɚɥ
ɩɪɨɹɜɥɹɸɳɢɣ ɫɜɨɣɫɬɜɚ ɧɟɧɶɸɬɨɧɨɜɫɤɨɣ ɠɢɞɤɨɫɬɢ
ɉɨɷɬɨɦɭ ɨɛɳɟɧɚɭɱɧɨɣ ɩɪɨɛɥɟɦɨɣ ɹɜɥɹɟɬɫɹ ɜɵɛɨɪ
ɚɞɟɤɜɚɬɧɨɣ ɦɨɞɟɥɢ ɞɢɧɚɦɢɱɟɫɤɨɣ ɜɹɡɤɨɫɬɢ ɞɥɹ
ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɬɟɱɟɧɢɹɦɚɫɫɵɩɪɢɩɪɟɫɫɨɜɚɧɢɢ 
ɇɟɪɟɲɺɧɧɨɣ ɱɚɫɬɶɸ ɧɚɭɱɧɨɣ ɩɪɨɛɥɟɦɵ
ɹɜɥɹɟɬɫɹ ɫɨɡɞɚɧɢɟ ɚɞɟɤɜɚɬɧɨɣ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɢ
ɱɢɫɥɟɧɧɨɣ ɦɨɞɟɥɟɣ ɷɤɫɬɪɭɡɢɢ ɤɨɬɨɪɚɹ ɞɚɜɚɥɚ ɛɵ
ɜɨɡɦɨɠɧɨɫɬɶ ɜ ɭɫɥɨɜɢɹɯ ɩɪɨɢɡɜɨɞɫɬɜɚ ɨɬɪɚɛɚɬɵɜɚɬɶ
ɪɟɝɥɚɦɟɧɬɵ ɩɪɟɫɫɨɜɚɧɢɹ ɡɚɝɨɬɨɜɨɤ ɩɪɢ ɢɡɦɟɧɟɧɢɢ
ɫɨɫɬɚɜɚɤɨɤɫɨɩɟɤɨɜɨɣɫɦɟɫɢɢɬɢɩɨɪɚɡɦɟɪɨɜɢɡɞɟɥɢɣ 
ɐɟɥɶɸ ɞɚɧɧɨɣ ɫɬɚɬɶɢ ɹɜɥɹɟɬɫɹ ɫɨɡɞɚɧɢɟ
ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɩɪɨɰɟɫɫɚ ɷɤɫɬɪɭɡɢɢ
ɭɝɥɟɪɨɞɧɵɯ ɡɚɝɨɬɨɜɨɤ ɞɥɹ ɪɚɡɪɚɛɨɬɤɢ ɪɚɰɢɨɧɚɥɶɧɵɯ
ɪɟɝɥɚɦɟɧɬɨɜ ɩɪɟɫɫɨɜɨɝɨ ɢɧɫɬɪɭɦɟɧɬɚ ɤɨɬɨɪɵɟ
ɨɛɟɫɩɟɱɢɜɚɸɬ ɭɫɥɨɜɢɹ ɜɵɯɨɞɚ ɤɚɱɟɫɬɜɟɧɧɨɣ
ɩɪɨɞɭɤɰɢɢ 
 
ɂɡɥɨɠɟɧɢɟɨɫɧɨɜɧɨɝɨɦɚɬɟɪɢɚɥɚ 
 
ɉɪɨɦɵɲɥɟɧɧɨɟ ɮɨɪɦɨɜɚɧɢɟ ɭɝɥɟɪɨɞɧɵɯ
ɡɚɝɨɬɨɜɨɤɦɟɬɨɞɨɦɷɤɫɬɪɭɡɢɢɱɟɪɟɡɦɭɧɞɲɬɭɤɩɪɟɫɫɚ
ɜɤɥɸɱɚɟɬɫɥɟɞɭɸɳɟɟɬɟɯɧɨɥɨɝɢɱɟɫɤɢɟɷɬɚɩɵ 
 ɡɚɩɨɥɧɟɧɢɟ ɦɚɫɫɧɨɝɨ ɰɢɥɢɧɞɪɚ ɩɪɟɫɫɚ
ɨɯɥɚɠɞɺɧɧɨɣɦɚɫɫɨɣ  ɩɨɞɩɪɟɫɫɨɜɤɚɦɚɫɫɵ  ɩɪɟɫɫɨɜɚɧɢɟɢɦɚɪɤɢɪɨɜɤɚɢɡɞɟɥɢɣ  ɨɬɪɟɡɤɚɡɚɝɨɬɨɜɤɢɨɩɪɟɞɟɥɺɧɧɨɣɞɥɢɧɵ  ɨɯɥɚɠɞɟɧɢɟ ɜɨɞɨɣ ɢ ɨɫɦɨɬɪ ɡɚɝɨɬɨɜɤɢ ɧɚ
ɩɪɢɺɦɧɨɦɫɬɨɥɟɩɪɟɫɫɚ  ɬɪɚɧɫɩɨɪɬɢɪɨɜɚɧɢɟɡɚɝɨɬɨɜɤɢɧɚɪɨɥɶɝɚɧɝɞɥɹ
ɨɯɥɚɠɞɟɧɢɹ  ɬɪɚɧɫɩɨɪɬɢɪɨɜɚɧɢɟ ɡɚɝɨɬɨɜɤɢɧɚ ɫɬɟɥɥɚɠɞɥɹ
ɩɪɨɜɟɞɟɧɢɹɩɪɨɢɡɜɨɞɫɬɜɟɧɧɨɝɨɤɨɧɬɪɨɥɹ 
ɉɪɢɝɨɬɨɜɥɟɧɧɚɹɜɫɦɟɫɢɥɶɧɵɯɦɚɲɢɧɚɯɦɚɫɫɚ
ɬɟɦɩɟɪɚɬɭɪɚ ɤɨɬɨɪɨɣ ɫɨɫɬɚɜɥɹɟɬ ±135 ɋ
ɬɪɚɧɫɩɨɪɬɢɪɭɟɬɫɹɤɨɧɜɟɣɟɪɚɦɢɜɛɚɪɚɛɚɧ-ɨɯɥɚɞɢɬɟɥɶ
ɝɞɟ ɨɯɥɚɠɞɚɟɬɫɹ ɞɨ  ɋ Ⱦɚɥɟɟ ɦɚɫɫɚ ɩɨɞɚɺɬɫɹ ɜ
ɮɨɪɤɚɦɟɪɭɩɪɟɫɫɚɨɬɤɭɞɚɩɥɭɧɠɟɪɨɦɩɪɨɞɜɢɝɚɟɬɫɹɜ
ɦɚɫɫɧɨɣ ɰɢɥɢɧɞɪ ȼ ɦɚɫɫɧɨɦ ɰɢɥɢɧɞɪɟ ɦɚɫɫɚ
ɩɨɞɜɟɪɝɚɟɬɫɹ ɩɨɞɩɪɟɫɫɨɜɤɟ ± ɨɩɟɪɚɰɢɢ ɩɪɢ ɤɨɬɨɪɨɣ
ɩɪɨɢɫɯɨɞɢɬ ɭɩɥɨɬɧɟɧɢɟ ɢ ɭɞɚɥɟɧɢɟ ɜɨɡɞɭɯɚ ɢ ɩɚɪɨɜ
ɩɟɤɚ 
ɉɨɫɥɟ ɩɨɥɧɨɝɨ ɡɚɩɨɥɧɟɧɢɹ ɦɚɫɫɧɨɝɨ ɰɢɥɢɧɞɪɚ
ɩɪɨɢɡɜɨɞɢɬɫɹ ɩɪɟɫɫɨɜɚɧɢɟ ɤɨɬɨɪɨɟ ɡɚɤɥɸɱɚɟɬɫɹ ɜ
ɜɵɞɚɜɥɢɜɚɧɢɢ ɦɚɫɫɵ ɱɟɪɟɡ ɨɬɜɟɪɫɬɢɟ ɦɭɧɞɲɬɭɤɚ ɫ
ɰɟɥɶɸ ɩɪɢɞɚɧɢɹ ɡɚɝɨɬɨɜɤɟ ɨɩɪɟɞɟɥɺɧɧɨɣ
ɝɟɨɦɟɬɪɢɱɟɫɤɨɣ ɮɨɪɦɵ ɪɚɡɦɟɪɨɜ ɢ ɩɥɨɬɧɨɫɬɢ ȼɨ
ɜɪɟɦɹɞɚɧɧɨɝɨɬɟɯɧɨɥɨɝɢɱɟɫɤɨɝɨɷɬɚɩɚɬɟɦɩɟɪɚɬɭɪɚɜ
ɦɚɫɫɧɨɦ ɰɢɥɢɧɞɪɟ ɢ ɜɧɭɬɪɟɧɧɟɣ ɩɨɜɟɪɯɧɨɫɬɢ
ɦɭɧɞɲɬɭɤɚ ɩɨɞɞɟɪɠɢɜɚɟɬɫɹ ɜ ɨɩɪɟɞɟɥɺɧɧɨɦ
ɞɢɚɩɚɡɨɧɟ ɱɬɨ ɨɛɟɫɩɟɱɢɜɚɟɬ ɧɟɨɛɯɨɞɢɦɭɸ
ɩɥɚɫɬɢɱɧɨɫɬɶ ɦɚɫɫɵ ɢ ɭɫɥɨɜɢɹ ɫɜɨɛɨɞɧɨɝɨ
ɩɪɨɫɤɚɥɶɡɵɜɚɧɢɹ Ɍɟɦɩɟɪɚɬɭɪɧɵɣ ɪɟɠɢɦ
ɜɵɞɟɪɠɢɜɚɟɬɫɹ ɡɚ ɫɱɺɬ ɧɟɫɤɨɥɶɤɢɯ ɨɫɧɨɜɧɵɯ ɢ
ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɧɚɝɪɟɜɚɬɟɥɟɣ ɪɚɫɩɨɥɨɠɟɧɧɵɯ
ɜɧɭɬɪɢɩɪɟɫɫɨɜɨɝɨɢɧɫɬɪɭɦɟɧɬɚ 
ɉɨɥɭɱɟɧɢɟ ɡɚɝɨɬɨɜɨɤ ɡɚɞɚɧɧɨɣ ɞɥɢɧɵ
ɞɨɫɬɢɝɚɟɬɫɹ ɨɬɪɟɡɤɨɣ ɫɮɨɪɦɢɪɨɜɚɧɧɨɣ ɦɚɫɫɵ
ɨɬɪɟɡɧɵɦɢɧɨɠɚɦɢȾɚɥɟɟɡɚɝɨɬɨɜɤɢɨɯɥɚɠɞɚɸɬɫɹɧɚ
ɪɨɥɶɝɚɧɝɟɜɨɞɨɣɜɬɟɱɟɧɢɢɱɚɫɨɜɦɟɬɨɞɨɦɨɪɨɲɟɧɢɹ
ɢɥɢɜɜɚɧɧɟ>@ 
Ɏɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɦɚɫɫɵ ɨɩɪɟɞɟɥɹɸɬ
ɯɚɪɚɤɬɟɪ ɟɺ ɬɟɱɟɧɢɹ ɢ ɭɫɥɨɜɢɹ ɬɟɩɥɨɜɨɝɨ
ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɜ ɪɚɛɨɱɟɦ ɩɪɨɫɬɪɚɧɫɬɜɟ ɩɪɟɫɫɨɜɨɝɨ
ɢɧɫɬɪɭɦɟɧɬɚ 
Ʉɨɤɫɨɩɟɤɨɜɵɣ ɤɨɦɩɨɡɢɬ ɩɪɨɹɜɥɹɟɬ ɞɜɨɹɤɢɟ
ɫɜɨɣɫɬɜɚ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɡɧɚɱɟɧɢɣ ɜɧɭɬɪɟɧɧɢɯ
ɧɚɩɪɹɠɟɧɢɣ ɋ ɨɞɧɨɣ ɫɬɨɪɨɧɵ ɧɢɠɟ ɨɩɪɟɞɟɥɺɧɧɨɝɨ
ɭɪɨɜɧɹ ɜɧɟɲɧɟɝɨ ɦɟɯɚɧɢɱɟɫɤɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ ɦɚɫɫɚ
ɫɨɯɪɚɧɹɟɬ ɫɜɨɸ ɰɟɥɨɫɬɧɨɫɬɶ ɩɪɨɹɜɥɹɹ ɩɥɚɫɬɢɱɧɵɟ
ɫɜɨɣɫɬɜɚ ɫɯɨɠɢɟ ɫ ɬɜɺɪɞɵɦ ɬɟɥɨɦ ɚ ɫ ɞɪɭɝɨɣ ± ɩɪɢ
ɞɨɫɬɚɬɨɱɧɨɦɭɫɢɥɢɢɜɨɡɞɟɣɫɬɜɢɹɦɚɫɫɚɧɚɱɢɧɚɟɬɬɟɱɶ
ɤɚɤ ɜɹɡɤɚɹ ɠɢɞɤɨɫɬɶ Ɍɚɤɢɟ ɫɜɨɣɫɬɜɚ ɩɨɡɜɨɥɹɸɬ
ɨɬɧɟɫɬɢ ɷɥɟɤɬɪɨɞɧɭɸ ɦɚɫɫɭ ɤ ɜɹɡɤɨ-ɩɥɚɫɬɢɱɧɵɦ
ɦɚɬɟɪɢɚɥɚɦ > @ Ⱦɥɹ ɨɩɢɫɚɧɢɹ ɩɨɜɟɞɟɧɢɹ ɞɚɧɧɨɝɨ
ɤɥɚɫɫɚ ɜɟɳɟɫɬɜ ɩɪɢɦɟɧɢɦɵ ɦɨɞɟɥɢ %LQJKDP 
Herschel-Bulkley (2), Casson (3) [5±@ Ⱦɥɹ ɩɪɨɫɬɨɝɨ
ɞɜɭɦɟɪɧɨɝɨ ɫɞɜɢɝɨɜɨɝɨ ɬɟɱɟɧɢɹ ɬɟɱɟɧɢɟɄɭɷɬɬɚ ɷɬɢ
ɦɨɞɟɥɢɡɚɩɢɲɭɬɫɹɫɥɟɞɭɸɳɢɦɨɛɪɚɡɨɦ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 °¯°®­ Wd J W!JPW ,       ,0 ;, shear shearshear Ĳ ĲĲ  eff   (1) 
 °¯°®­ Wd J W!JW ,       ,0 ;, shear shearshear Ĳ ĲĲ  
nK
  (2) 
 °¯°®­ Wd J W!JPW ,       ,0 ;, shear shearshear Ĳ ĲĲ  eff  (3) 
ɝɞɟ Ĳ  ± ɜɟɤɬɨɪ ɧɚɩɪɹɠɟɧɢɹ ɫɞɜɢɝɚ ɉɚ 
shearW  ± ɤɪɢɬɢɱɟɫɤɨɟ ɫɞɜɢɝɨɜɨɟ ɧɚɩɪɹɠɟɧɢɟ
ɫɬɚɬɢɱɟɫɤɨɟ ɧɚɩɪɹɠɟɧɢɹ ɫɞɜɢɝɚ ɉɚ 
effP  ± ɷɮɮɟɤɬɢɜɧɟɣ ɤɨɷɮɮɢɰɢɟɧɬ ɞɢɧɚɦɢɱɟɫɤɨɣ
ɜɹɡɤɨɫɬɢ ɉɚÂɫ J  ± ɫɤɨɪɨɫɬɶ ɞɟɮɨɪɦɚɰɢɢ ɫ-1; 
K , n  ± ɤɨɷɮɮɢɰɢɟɧɬɵɦɨɞɟɥɢ+HUVFKHO-Bulkley. 
 
1 ± ɧɶɸɬɨɧɨɜɫɤɚɹɠɢɞɤɨɫɬɶ± ɠɢɞɤɨɫɬɶ
Bingham; 3 ± ɠɢɞɤɨɫɬɶ+HUVFKHO-Bulkley; 4 ± ɠɢɞɤɨɫɬɶ
Casson 
Ɋɢɫ± Ɂɚɜɢɫɢɦɨɫɬɶɫɞɜɢɝɨɜɵɯɧɚɩɪɹɠɟɧɢɣɨɬ
ɫɤɨɪɨɫɬɢɞɟɮɨɪɦɚɰɢɢɞɥɹɪɚɡɥɢɱɧɵɯɦɨɞɟɥɟɣɜɹɡɤɨ-
ɩɥɚɫɬɢɱɧɨɣɠɢɞɤɨɫɬɢ 
ɉɨ ɞɚɧɧɵɦ ɪɚɛɨɬ > @ ɤɨɤɫɨɩɟɤɨɜɚɹ ɦɚɫɫɚ
ɛɥɢɡɤɚ ɤ ɧɚɢɛɨɥɟɟ ɩɪɨɫɬɨɣ ɢɡ ɭɤɚɡɚɧɧɵɯ ɦɨɞɟɥɟɣ ± 
ɦɨɞɟɥɢ %LQJKDP Ⱦɥɹ ɨɛɳɟɝɨ ɬɪɺɯɦɟɪɧɨɝɨ ɫɥɭɱɚɹ
ɬɟɧɡɨɪɧɚɹ ɮɨɪɦɚ ɭɪɚɜɧɟɧɢɹ  ɛɭɞɟɬ ɢɦɟɬɶ
ɫɥɟɞɭɸɳɢɣɜɢɞ 
 °°¯
°°®­ Wd 
W!¸¸¹·¨¨©§ JWP 
,       ,0
;,
shear
shear
shear
ĲȖ
ĲȖĲ

eff
  (4) 
ɝɞɟ Ĳ  ± ɬɟɧɡɨɪ ɧɚɩɪɹɠɟɧɢɹ ɫɞɜɢɝɚ ɉɚ  ȖȖ   :2121   J JII  ± ɜɬɨɪɨɣ ɢɧɜɚɪɢɚɧɬ ɨɬ Ȗ  ɫ-1;  vvȖ  ± ɫɤɨɪɨɫɬɶɞɟɮɨɪɦɚɰɢɢ ɫ-1; v  ± ɜɟɤɬɨɪ
ɫɤɨɪɨɫɬɢ ɦɫ   ± ɨɩɟɪɚɬɨɪ Ƚɚɦɢɥɶɬɨɧɚ ɦ-1;  ĲĲĲ :
2
1
2
1   WII  ± ɜɬɨɪɨɣɢɧɜɚɪɢɚɧɬɨɬ Ĳ ɉɚ 
Ɇɨɞɟɥɶ %LQJKDP  ɩɪɟɞɭɫɦɚɬɪɢɜɚɟɬ
ɫɨɫɭɳɟɫɬɜɨɜɚɧɢɟ ɞɜɭɯ ɨɛɥɚɫɬɟɣ ɩɥɚɫɬɢɱɧɨɣ ɢ
ɬɜɺɪɞɨɣ ɱɬɨ ɜɥɟɱɺɬ ɡɚ ɫɨɛɨɣ ɫɭɳɟɫɬɜɟɧɧɵɟ
ɜɵɱɢɫɥɢɬɟɥɶɧɵɟ ɬɪɭɞɧɨɫɬɢ ɩɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɜ
ɨɛɥɚɫɬɢ ɫɢɥɶɧɨɣ ɧɟɥɢɧɟɣɧɨɫɬɢ ɮɢɡɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ
ɠɢɞɤɨɫɬɢ Ⱦɥɹ ɩɪɟɨɞɨɥɟɧɢɹ ɞɚɧɧɨɣ ɩɪɨɛɥɟɦɵ
3DSDQDVWDVLRX >@ ɩɪɟɞɥɨɠɢɥ ɪɟɝɭɥɹɪɢɡɚɰɢɸ 
ɭɪɚɜɧɟɧɢɹ ɧɚɩɪɹɠɺɧɧɨ-ɞɟɮɨɪɦɢɪɨɜɚɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ
ɩɨɬɨɤɚ ɜɹɡɤɨ-ɩɥɚɫɬɢɱɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɩɪɢ ɩɨɦɨɳɢ
ɜɜɟɞɟɧɢɹ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨɝɨɦɧɨɠɢɬɟɥɹ ɜ ɭɪɚɜɧɟɧɢɟ
(4) 
  > @ ȖĲ  ¸¸¹·¨¨©§ JJWP meff exp1shear , (5) 
ɝɞɟ m ± ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɵɣɦɧɨɠɢɬɟɥɶɫ 
ɍɪɚɜɧɟɧɢɟ  ɦɨɞɟɥɶ %LQJKDP-Papanastasiou) 
ɫɩɪɚɜɟɞɥɢɜɨ ɞɥɹ ɜɫɟɯ ɡɧɚɱɟɧɢɣ Ĳ  ɢ ɞɚɺɬ ɛɥɢɡɤɢɟ
ɪɟɡɭɥɶɬɚɬɵ ɤ ɢɞɟɚɥɶɧɨɣ ɠɢɞɤɨɫɬɢ %LQJKDP ɩɪɢ
ɡɧɚɱɟɧɢɹɯ 100tm  ɪɢɫ 
 
1 ± m = 1; 2 ± m = 10; 3 ± m = 100 
Ɋɢɫ± Ɂɚɜɢɫɢɦɨɫɬɶɫɞɜɢɝɨɜɵɯɧɚɩɪɹɠɟɧɢɣɨɬ
ɫɤɨɪɨɫɬɢɞɟɮɨɪɦɚɰɢɢɞɥɹɦɨɞɟɥɢɠɢɞɤɨɫɬɢ%LQJKDP-
3DSDQDVWDVLRXɫɪɚɡɥɢɱɧɵɦɢɡɧɚɱɟɧɢɹɦɢɩɚɪɚɦɟɬɪɚm 
ɍɱɢɬɵɜɚɹ ɜɵɲɟɫɤɚɡɚɧɧɨɟ, ɦɚɬɟɦɚɬɢɱɟɫɤɚɹ
ɦɨɞɟɥɶɩɪɨɰɟɫɫɚ ɷɤɫɬɪɭɡɢɢ ɤɨɤɫɨɩɟɤɨɜɨɝɨ ɤɨɦɩɨɡɢɬɚ
ɦɨɠɟɬ ɛɵɬɶ ɩɪɟɞɫɬɚɜɥɟɧɚ ɫɢɫɬɟɦɨɣ ɭɪɚɜɧɟɧɢɣ
ɤɨɬɨɪɚɹ ɜɤɥɸɱɚɟɬ ɧɟɫɬɚɰɢɨɧɚɪɧɵɟ ɧɟɥɢɧɟɣɧɵɟ
ɭɪɚɜɧɟɧɢɹɧɟɪɚɡɪɵɜɧɨɫɬɢɞɜɢɠɟɧɢɹɢɷɧɟɪɝɢɢ>9@ɞɥɹ
ɥɚɦɢɧɚɪɧɨɝɨ ɩɨɬɨɤɚ ɧɟɫɠɢɦɚɟɦɨɣ ɠɢɞɤɨɫɬɢ
Bingham-3DSDQDVWDVLRX ɞɥɹ ɩɪɟɫɫɦɚɫɫɵ  ɢ
ɭɪɚɜɧɟɧɢɹ ɷɧɟɪɝɢɢ  ɫ ɜɧɭɬɪɟɧɧɢɦ ɢɫɬɨɱɧɢɤɨɦ
ɬɟɩɥɨɬɵɞɥɹɷɥɟɦɟɧɬɨɜɩɪɟɫɫɨɜɨɝɨɢɧɫɬɪɭɦɟɧɬɚ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 (6) 
 
 > @ ,veff qTTth O wwU   (7) 
ɝɞɟ U  ± ɩɥɨɬɧɨɫɬɶɤɝɦ3; t  ± ɜɪɟɦɹɫ p  ± ɞɚɜɥɟɧɢɟ
ɉɚ  ³ T p dTTch
0
 ± ɦɚɫɫɨɜɚɹ ɷɧɬɚɥɶɩɢɹ Ⱦɠɤɝ 
T  ± ɚɛɫɨɥɸɬɧɚɹ ɬɟɦɩɟɪɚɬɭɪɚ Ʉ pc  ± ɦɚɫɫɨɜɚɹ
ɢɡɨɛɚɪɧɚɹ ɬɟɩɥɨɺɦɤɨɫɬɶ ȾɠɤɝÂɄ 
effO  ± ɷɮɮɟɤɬɢɜɧɟɣ ɤɨɷɮɮɢɰɢɟɧɬ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ
ȼɬɦÂɄ vĲ :  ± ɱɥɟɧ ɤɨɬɨɪɵɣ ɫɨɨɬɜɟɬɫɬɜɭɟɬ
ɞɢɫɫɢɩɚɰɢɢ ɦɟɯɚɧɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ȼɬɦ3;  :  ± ɨɩɟɪɚɬɨɪ ɞɜɨɣɧɨɝɨ ɫɤɚɥɹɪɧɨɝɨ ɩɪɨɢɡɜɟɞɟɧɢɹ 
vq  ± ɨɛɴɺɦɧɚɹɩɥɨɬɧɨɫɬɶɢɫɬɨɱɧɢɤɚɬɟɩɥɨɬɵȼɬɦ3. 
Ɂɚ ɧɚɱɚɥɶɧɵɟ ɭɫɥɨɜɢɹ ɫɢɫɬɟɦ ɭɪɚɜɧɟɧɢɣ  
ɩɪɢɧɢɦɚɸɬɫɹ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɩɨɥɟɣ ɤɨɦɩɨɧɟɧɬɨɜ
ɜɟɤɬɨɪɚɫɤɨɪɨɫɬɢɞɚɜɥɟɧɢɹɢɬɟɦɩɟɪɚɬɭɪɵ 
  
   °¯°®
­
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;,,
;,,
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zyxTT
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   (8) 
ɝɞɟ  zyx ,,  ± ɞɟɤɚɪɬɨɜɵɤɨɨɪɞɢɧɚɬɵɦ 
Ⱦɥɹ ɭɱɺɬɚ ɪɚɡɥɢɱɧɵɯ ɷɬɚɩɨɜ ɩɪɨɰɟɫɫɚ
ɩɪɟɫɫɨɜɚɧɢɹ ɩɪɢɦɟɧɹɸɬɫɹ ɞɢɧɚɦɢɱɟɫɤɢɟ ɝɪɚɧɢɱɧɵɟ
ɭɫɥɨɜɢɹ ± Ⱦɚɧɧɵɟ ɝɪɚɧɢɱɧɵɟ ɭɫɥɨɜɢɹ
ɨɬɪɚɠɚɸɬ ɢɡɦɟɧɟɧɢɟ ɜ ɪɚɫɱɺɬɧɨɣ ɨɛɥɚɫɬɢ ɜɨ ɜɪɟɦɹ
ɩɨɞɩɪɟɫɫɨɜɤɢ ɦɚɬɟɪɢɚɥɚ ɩɪɟɫɫɨɜɚɧɢɢ ɨɬɞɟɥɶɧɵɯ
ɡɚɝɨɬɨɜɨɤɢɩɪɨɫɬɨɹɞɥɹɬɟɯɧɨɥɨɝɢɱɟɫɤɢɯɨɩɟɪɚɰɢɣɚ
ɬɚɤɠɟ ɢɡɦɟɧɟɧɢɟ ɪɟɠɢɦɚ ɪɚɛɨɬɵ ɧɚɝɪɟɜɚɬɟɥɶɧɵɯ
ɷɥɟɦɟɧɬɨɜɩɪɟɫɫɨɜɨɝɨɢɧɫɬɪɭɦɟɧɬɚ 
Ⱦɥɹ ɦɚɫɫɵ ɞɜɢɠɭɳɟɣɫɹ ɜɨ ɜɧɭɬɪɟɧɧɟɦ
ɩɪɨɫɬɪɚɧɫɬɜɟ ɦɭɧɞɲɬɭɤɚ, ɡɚɞɚɸɬɫɹ ɜɨ ɜɯɨɞɧɨɦ
ɫɟɱɟɧɢɢ ± ɧɨɪɦɚɥɶɧɚɹ ɫɤɨɪɨɫɬɶ ɢ ɬɟɦɩɟɪɚɬɭɪɚ  ɜ
ɜɵɯɨɞɧɨɦ ɫɟɱɟɧɢɢ ± ɧɭɥɟɜɨɣ ɝɪɚɞɢɟɧɬ ɞɚɜɥɟɧɢɹ ɢ
ɬɟɦɩɟɪɚɬɭɪɵ  ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɤɨɧɬɚɤɬɚ ɦɚɫɫɚ-
ɷɥɟɦɟɧɬɵ ɩɪɟɫɫɨɜɨɝɨ ɢɧɫɬɪɭɦɟɧɬɚ ± ɭɫɥɨɜɢɹ
ɩɪɨɫɤɚɥɶɡɵɜɚɧɢɹ ɢ ɭɫɥɨɜɢɹ ɚɛɫɨɥɸɬɧɨɝɨ ɬɟɩɥɨɜɨɝɨ
ɤɨɧɬɚɤɬɚ 
  ®¯­    ),( );(tTT tvinletinletvn    (9) 
  ®¯­     ,0;0Tpnn    (10) 
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T    (11) 
ɝɞɟ n  ± ɜɧɟɲɧɹɹ ɧɨɪɦɚɥɶ ɤ ɩɨɜɟɪɯɧɨɫɬɢ
ɜɯɨɞɧɨɝɨ ɢɥɢ ɜɵɯɨɞɧɨɝɨ ɫɟɱɟɧɢɹ 
wallĲ ± ɬɟɧɡɨɪ ɫɞɜɢɝɨɜɵɯ ɧɚɩɪɹɠɟɧɢɣ ɧɚ ɝɪɚɧɢɰɟ
ɤɨɧɬɚɤɬɚ ɦɚɫɫɚ-ɬɜɺɪɞɨɟ ɬɟɥɨ ɉɚ ^ `   TTT ; ^ `    qnqnqn
. 
Ⱦɥɹ ɷɥɟɦɟɧɬɨɜ ɩɪɟɫɫɨɜɨɝɨ ɢɧɫɬɪɭɦɟɧɬɚ
ɡɚɞɚɸɬɫɹ ɭɫɥɨɜɢɹ ɬɟɩɥɨɨɛɦɟɧɚ ɫ ɨɤɪɭɠɚɸɳɟɣ
ɫɪɟɞɨɣ ɭɫɥɨɜɢɹ ɚɛɫɨɥɸɬɧɨɝɨ ɬɟɩɥɨɜɨɝɨ ɤɨɧɬɚɤɬɚ ɢ
ɜɧɭɬɪɟɧɧɢɣɢɫɬɨɱɧɢɤɬɟɩɥɨɬɵ 
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ɝɞɟ fɌ  ± ɬɟɦɩɟɪɚɬɭɪɚ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ Ʉ q  ± 
ɜɧɭɬɪɟɧɧɢɣ ɢɫɬɨɱɧɢɤ ɬɟɩɥɨɬɵ, ɜɧɨɫɢɦɵɣ
ɧɚɝɪɟɜɚɬɟɥɶɧɵɦɢɷɥɟɦɟɧɬɚɦɢȼɬɦ3. 
Ⱦɥɹ ɱɢɫɥɟɧɧɨɣ ɪɟɚɥɢɡɚɰɢɢ ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ
ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ± ɢɫɩɨɥɶɡɨɜɚɧ
ɫɜɨɛɨɞɧɵɣɨɬɤɪɵɬɵɣ ɩɪɨɝɪɚɦɦɧɵɣɤɨɞ ɞɥɹ ɪɟɲɟɧɢɹ
ɡɚɞɚɱ ɜɵɱɢɫɥɢɬɟɥɶɧɨɣ ɝɢɞɪɨɞɢɧɚɦɢɤɢ 2SHQ)2$0
(Open Field Operation and Manipulation) [10]. 
ɉɪɨɜɟɪɤɚ ɚɞɟɤɜɚɬɧɨɫɬɢ ɪɚɡɪɚɛɨɬɚɧɧɨɣ
ɱɢɫɥɟɧɧɨɣ ɦɨɞɟɥɢ ɩɪɨɰɟɫɫɚ ɷɤɫɬɪɭɡɢɢ ɭɝɥɟɪɨɞɧɵɯ
ɡɚɝɨɬɨɜɨɤ ɱɟɪɟɡ ɦɭɧɞɲɬɭɤ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɦɨɳɢ
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɤɨɬɨɪɵɟ ɩɨɥɭɱɟɧɵ ɧɚ
ɩɪɨɦɵɲɥɟɧɧɨɦɩɪɟɫɫɨɜɨɦɨɛɨɪɭɞɨɜɚɧɢɢɪɢɫɱɬɨ
ɬɚɤɠɟ ɞɚɥɨ ɜɨɡɦɨɠɧɨɫɬɶ ɡɚɞɚɬɶ ɤɨɪɪɟɤɬɧɵɟ 
ɧɚɱɚɥɶɧɵɟɢɝɪɚɧɢɱɧɵɟɭɫɥɨɜɢɹ 
 
1 ± ɩɪɟɫɫɦɚɫɫɚ± ɦɚɫɫɧɨɣɰɢɥɢɧɞɪ± ɦɭɧɞɲɬɭɤ
4, 5 ± ɨɫɧɨɜɧɵɟɧɚɝɪɟɜɚɬɟɥɢ± ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ
ɧɚɝɪɟɜɚɬɟɥɢɬ±8 ± ɤɨɧɬɪɨɥɶɧɵɟɬɨɱɤɢɢɡɦɟɪɟɧɢɹ
ɬɟɦɩɟɪɚɬɭɪɵ 
Ɋɢɫ± Ɇɨɞɟɥɶɩɪɨɰɟɫɫɚɩɪɟɫɫɨɜɚɧɢɹɭɝɥɟɪɨɞɧɵɯ
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Ɋɟɡɭɥɶɬɚɬɵɜɟɪɢɮɢɤɚɰɢɢɱɢɫɥɟɧɧɨɣɦɨɞɟɥɢɩɨ
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ ɞɚɧɧɵɦ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ 4. 
Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɧɚ ɤɨɧɟɰ ɤɚɦɩɚɧɢɢ
ɩɪɟɫɫɨɜɚɧɢɹ ɜ ɫɪɟɞɧɟɦ ɫɟɱɟɧɢɢ ɩɪɟɫɫɨɜɨɝɨ
ɢɧɫɬɪɭɦɟɧɬɚ ɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɦɚɫɫɵ ɩɨɤɚɡɚɧɵ ɧɚ
ɪɢɫ 5. 
 ɚ 
 ɛ 
 ɜ 
 ɝ 
ɬ 1±8 ± ɤɨɧɬɪɨɥɶɧɵɟɬɨɱɤɢɢɡɦɟɪɟɧɢɹ
ɬɟɦɩɟɪɚɬɭɪɵɷ± ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɢɡɦɟɪɟɧɧɵɟɡɧɚɱɟɧɢɹ
ɬɟɦɩɟɪɚɬɭɪɵɪ± ɬɟɦɩɟɪɚɬɭɪɵ, ɩɨɥɭɱɟɧɧɵɟɜɪɟɡɭɥɶɬɚɬɟ
ɦɨɞɟɥɢɪɨɜɚɧɢɹ 
Ɋɢɫ± ɋɨɩɨɫɬɚɜɥɟɧɢɟɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯɢ
ɪɚɫɱɺɬɧɵɯɞɚɧɧɵɯɩɨɢɡɦɟɧɟɧɢɸɬɟɦɩɟɪɚɬɭɪɵɜ
ɤɨɧɬɪɨɥɶɧɵɯɬɨɱɤɚɯɧɚɩɪɨɬɹɠɟɧɢɢɤɚɦɩɚɧɢɢɩɪɟɫɫɨɜɚɧɢɹ 
 
 
Ɋɢɫ± Ɋɚɫɩɪɟɞɟɥɟɧɢɟɬɟɦɩɟɪɚɬɭɪɵɩɨɫɪɟɞɧɟɦɭ
ɫɟɱɟɧɢɸɩɪɟɫɫɨɜɨɝɨɢɧɫɬɪɭɦɟɧɬɚɢɧɚɩɨɜɟɪɯɧɨɫɬɢ
ɩɪɟɫɫɦɚɫɫɵ ɧɚɤɨɧɟɰɤɚɦɩɚɧɢɢɩɪɟɫɫɨɜɚɧɢɹ 
 
Ɉɛɫɭɠɞɟɧɢɟɪɟɡɭɥɶɬɚɬɨɜ 
 
Ⱥɧɚɥɢɡ ɪɟɡɭɥɶɬɚɬɨɜ ɦɨɞɟɥɢɪɨɜɚɧɢɹ
ɩɨɤɚɡɵɜɚɟɬ ɱɬɨ ɧɚ ɬɟɦɩɟɪɚɬɭɪɧɨɟ ɩɨɥɟ ɭɝɥɟɩɟɤɨɜɨɣ
ɦɚɫɫɵ, ɜɨɜɪɟɦɹɩɪɟɫɫɨɜɚɧɢɹɡɚɝɨɬɨɜɨɤ, ɫɭɳɟɫɬɜɟɧɧɨɟ
ɜɥɢɹɧɢɟ ɨɤɚɡɵɜɚɸɬ ɨɫɧɨɜɧɵɟ ɧɚɝɪɟɜɚɬɟɥɢ
Ⱦɨɩɨɥɧɢɬɟɥɶɧɵɣ ɩɨɞɨɝɪɟɜ ɭɝɥɨɜ ɞɥɹ ɩɪɹɦɨɭɝɨɥɶɧɵɯ
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ɋɨɩɨɫɬɚɜɥɟɧɢɹ ɪɚɫɱɺɬɧɵɯ ɢ
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ɩɪɢɦɟɧɺɧ ɞɥɹ ɢɧɠɟɧɟɪɧɵɯ ɪɚɫɱɺɬɨɜ ɢ ɪɚɡɪɚɛɨɬɤɢ
ISSN 2079-5459 (print)
ISSN 2413-4295 (online)
35 
_______________________________________________________
_______________________________________________________
	

		


ɪɚɰɢɨɧɚɥɶɧɵɯ ɪɟɝɥɚɦɟɧɬɨɜ ɩɪɨɜɟɞɟɧɢɹ ɩɪɨɰɟɫɫɚ
ɩɪɟɫɫɨɜɚɧɢɹɭɝɥɟɪɨɞɧɵɯɢɡɞɟɥɢɣ 
 
ȼɵɜɨɞɵ 
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ɩɪɟɫɫɨɜɨɦ ɢɧɫɬɪɭɦɟɧɬɟ ɜɨ ɜɪɟɦɹ ɩɪɨɜɟɞɟɧɢɹ
ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɝɨ ɩɪɨɰɟɫɫɚ Ɇɨɞɟɥɶ ɭɱɢɬɵɜɚɟɬ
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